PURPOSE. Although some of the factors and signaling pathways that are involved in induction of fiber differentiation have been defined, such as FGF-mediated MAPK/ERK and PI3-K/Akt signaling, the factors in the vitreous that regulate this differentiation process in vivo have yet to be identified. The purpose of this study was to better understand the role of growth factors in vitreous that regulate this process by further characterizing the signaling pathways involved in lens fiber differentiation. METHODS. Rat lens epithelial explants were used to compare the ability of vitreous, IGF-1, PDGF-A, EGF, and FGF-2 to stimulate the phosphorylation of ERK1/2 and Akt leading to fiber differentiation, in the presence or absence of selective receptor tyrosine kinase (RTK) inhibitors. RESULTS. Similar to vitreous, FGF induced a sustained ERK1/2 signaling profile, unlike IGF, PDGF, and EGF, which induced a more transient (shorter) activation of ERK1/2. For Akt activation, IGF was the only factor that induced a profile similar to vitreous. IGF, PDGF, and EGF potentiated the effects of a low dose of FGF on lens fiber differentiation by extending the duration of ERK1/2 phosphorylation. In the presence of selective RTK inhibitors, although the sustained vitreous-induced ERK1/2 signaling profile and subsequent fiber differentiation was perturbed, the results also showed that, although prolonged ERK1/2 phosphorylation was necessary, it was not sufficient for fiber differentiation to proceed. CONCLUSIONS. These results are consistent with FGF's being the key growth factor involved in vitreous-induced signaling leading to lens fiber differentiation; however, they also indicate that other vitreal growth factors such as IGF may be involved in fine-tuning ERK1/2-and Akt-phosphorylation to the level that is necessary for initiation and/or maintenance of lens fiber differentiation in vivo. (Invest Ophthalmol Vis Sci. 2010;51: 3599 -3610) 
T he lens has a distinctive architecture, with an anterior monolayer of lens epithelial cells overlying a mass of elongated fiber cells. The lens grows as lens epithelial cells proliferate at the lens equator and differentiate into secondary fiber cells. The surrounding ocular media, the aqueous humor that bathes the lens epithelial cells and the vitreous humor that bathes the lens fiber cells, have been shown to be important in the maintenance of this distinctive polarity and architecture of the lens. 1 The ocular media contain members of several growth factor families (see Ref. 2) including, insulin-like growth factor (IGF), 3 fibroblast growth factor (FGF), 4 platelet-derived growth factor (PDGF), 5 epidermal growth factor (EGF), 6 hepatocyte growth factor (HGF), 7 and vascular endothelial growth factor (VEGF). 8, 9 Studies over the past two decades have linked these growth factors in various ways to the process of lens fiber differentiation.
Extensive experiments with lens epithelial explants have shown that FGF induces lens fiber cell differentiation. 10 In vitro, FGF has been shown to induce many of the morphologic and molecular changes associated with fiber differentiation, including cell elongation, the loss of cytoplasmic organelles, denucleation, and the accumulation of fiber-specific ␤and ␥-crystallins. [11] [12] [13] Of interest, these experiments showed that FGF could also induce lens epithelial cell proliferation, with a low dose of FGF inducing cell proliferation and a much higher concentration required to induce fiber differentiation. 14 Based on this, and together with studies examining the distribution of FGF in the eye, it was proposed that an anteroposterior gradient of FGF in the eye may determine lens polarity, 10, 15 with a low concentration of FGF in aqueous stimulating proliferation and a higher concentration of FGF in the vitreous inducing lens fiber differentiation. In situ experiments using transgenic mice to misexpress FGFs and/or FGF receptors, were also shown to impair the normal development and growth of the lens, 16 -22 further underpinning the important and essential role for FGF in lens differentiation.
To date, FGF has been demonstrated to be the only growth factor able to induce lens fiber differentiation; however, other growth factors such as IGF and/or PDGF and Wnts have been shown to potentiate FGF-induced lens fiber differentiation in vitro. [23] [24] [25] [26] In transgenic mice that overexpressed IGF in the lens, the germinative and transitional zones were shown to expand, but no inappropriate differentiation of lens epithelial cells was observed. 27 Overexpression of PDGF in the lens resulted in enlarged lenses that developed cataracts. 28 The lens epithelium of these mice became multilayered with some evidence of fiber differentiation changes 28 ; however, subsequent in vitro experiments confirmed that PDGF cannot induce this fiber differentiation process without FGF. 25 Taken together, these in vitro and in vivo experiments suggest that IGF or PDGF do not directly induce lens fiber differentiation, but may play some role in this process.
High-affinity receptors for FGF, IGF, PDGF, and EGF belong to different subclasses of RTKs 29 ; however, they all can activate similar intercellular signaling pathways, including the ERK1/2 and PI3-K pathways through their association with common adaptor proteins. 30 -32 It has been established that ERK1/2 signaling is essential for both lens cell proliferation and differentiation. [33] [34] [35] More recent studies have shown that the duration of ERK1/2 phosphorylation is associated with a specific cell fate in the lens. 36 Although both FGF and vitreous can induce lens fiber differentiation, their ability to stimulate phosphorylation of ERK1/2 and Akt differs to some degree. 36, 37 As other vitreous-derived growth factors can also stimulate the phosphorylation of ERK1/2 and Akt signaling pathways, we propose that a combination of factors participate in vitreous-induced lens fiber differentiation. To better define the role of these growth factors in the vitreous, we compared their ability to phosphorylate ERK1/2 and Akt in lens epithelial cells, either independently or in combination with FGF. Our findings demonstrate a correlation between the different ERK/Akt phosphorylation profiles and the degree of growth factor-induced fiber differentiation. The results clearly show that IGF, PDGF, and EGF can all prolong and potentiate FGF-induced ERK1/2 activation, leading to lens fiber differentiation. Our blocking studies using a range of selective RTK inhibitors to block vitreous-induced ERK/ Akt signaling and fiber differentiation show that FGF is an essential growth factor involved in vitreous-induced lens fiber differentiation and that IGF, PDGF, and EGF may also be involved in this process by regulating ERK1/2 and Akt phosphorylation. Finally, these studies indicate that prolonged phosphorylation of ERK1/2 is necessary but not sufficient for fiber differentiation to proceed.
METHODS
All experimental procedures conformed to the National Health and Medical Research Council (NHMRC, Australia) guidelines and the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. All protocols were approved by the Animal Ethical Review Committee of the University of Sydney, Australia.
Reagents were obtained from the following sources: recombinant human FGF-2 and EGF (R&D Systems, Minneapolis, MN); recombinant human IGF-1 (Gropep, Thebarton, SA, Australia); recombinant human PDGF-A (Peprotech, Rocky Hill, NJ); sheep anti-rabbit IgG-HRP-conjugated antibody, mouse anti-phospho-ERK1/2 (pERK1/2; Thr202/ Tyr204) antibody, rabbit anti-phospho-Akt (pAkt, Ser473) antibody, and rabbit anti-ERK1/2 antibody (p44/p42 MAP kinase; Cell Signaling Technology, Beverly, MA); bisbenzimide (Hoechst dye, Calbiochem, San Diego, CA); goat anti-mouse IgG-HRP-conjugated (Zymed, South San Francisco CA); goat anti-rabbit IgG conjugated with fluoresceinisothiocyanate (FITC; Sigma-Aldrich, Castle Hill, NSW, Australia); a protein assay kit (Micro BCA; Pierce Biotechnology/Thermo Scientific, Sydney, NSW, Australia); and RTK inhibitors SU5402, AG1296, AG1024, and PD153035 (Calbiochem, La Jolla, CA).
Preparation of Lens Epithelial Explants
All tissue culture was performed in medium 199 with Earle's salts (M199; Trace Scientific, Sydney, NSW, Australia), supplemented with 0.1% bovine serum albumin (BSA; Sigma-Aldrich), 0.1 g/mL L-glutamine, 50 IU/mL penicillin, 50 g/mL streptomycin, and 2.5 g/mL amphotericin B (Amphostat B; all from Trace Scientific, NSW, Australia). Lens explant methodology has been described previously. 37 In brief, 10-day old Wistar rats were killed. The eyes were removed and placed in prewarmed culture medium under sterile conditions. Under a dissection microscope, the lenses were isolated and their posterior lens capsule was torn to remove the fiber cell mass. The remaining lens capsule with the adherent epithelial cell monolayer was pinned flat to the base of the culture dish with fine forceps. Culture medium was replaced with 1 mL of fresh, equilibrated (37°C, 5% CO 2 ) M199 before further treatment.
Bovine eyes (Wilberforce Meats, Wilberforce, NSW, Australia) were collected as described previously. 37 In brief, the eyes were kept on ice after harvesting and for transportation. After collecting aqueous humor, an incision along the sclera near the ciliary body was made to remove the anterior portion of the eye with the lens attached. Vitreous humor from multiple eyes was pooled in a sterile Petri dish and homogenized with three passages through a 19-gauge needle using a syringe. The samples were then stored at Ϫ20°C until needed.
Lens epithelial explants were cultured in M199 containing 50 ng/mL of IGF, 15 ng/mL of PDGF, 5 ng/mL of EGF, 5 ng/mL of FGF (low dose), 100 ng/mL of FGF (high dose), or 50% vitreous humor. For all ␤-crystallin immunofluorescence labeling studies, explants were cultured for 5 days. For Western blot analysis, the explants were collected at various time points over a 24-hour culture period.
Inhibitor Treatment
For blocking studies, inhibitors were added 2 hours before growth factor or vitreous was added to the cells. Once added, the inhibitor (20 M SU5402, 5 M AG1024, 1 M AG1296, or 50 nM PD153035) remained present with the growth factors for the duration of the culture period. For control explants, an equivalent volume of DMSO (manufacturer's recommended solvent for the inhibitors) was substituted for the inhibitor.
SDS-PAGE and Western Blot Analysis
SDS and Western blot methodologies have been described previously. 37 After the culture period (between 5 minutes and 24 hours), the explants were rinsed three times in cold PBS, and cell proteins were extracted in lysis buffer (1 mM EDTA, 10 mM Tris-HCl [pH 7.5], 0.15 M NaCl, 1% Igepal [Sigma-Aldrich], 1 mM Na 3 VO 4 [Sigma-Aldrich], and protease inhibitor cocktail [Roche, Basel, Switzerland]) for 60 minutes at 4°C. Protein concentration was quantified using the protein assay (MicroBCA), according to the manufacturer's instructions (Pierce Biotechnology/ThermoFisher). Each experiment was performed at least three times and representative blots are presented.
For relabeling of the blots, the primary blots were stripped with stripping buffer containing 2% SDS, 60 mM Tris (pH 6.7), and 100 mM ␤-mercaptoethanol, for 20 minutes at 60°C. After three rinses with TBST (0.1% Tween 20 in Tris-buffered saline), the blots were incubated in blocking buffer and further immunolabeled as necessary.
For data analysis, representative Western blots from three separate experiments were examined. The intensity of the protein label was quantified (AlphaEaseFc Software; Alpha Innotech, San Leandro, CA) by a published method. 37 In brief, each band was measured in triplicate. The relative density was obtained using the formula: (D pAkt / D ERK1/2 ) sample /(D pAkt /D ERK1/2 ) control , where D represents the density of each band. D pAkt /D ERK1/2 adjusts the density of each band against reference bands (e.g., for total ERK1/2, which we used as a standard).
Immunofluorescence
Explants to be used for immunofluorescent labeling were cultured for 5 days. At the end of the culture period, the explants were fixed in 10% NBF for 20 minutes and rinsed in PBS supplemented with BSA (PBS/BSA), followed by immunofluorescent labeling for ␤-crystallin. 37 Explants were counterstained with 3 g/mL Hoechst dye (Calbiochem) in PBS and viewed with an epifluorescence microscope (DMLB; Leica Microsystems, Gladesville, NSW, Australia). Images were captured with a digital camera and accompanying software (DC100; Leica Microsystems).
RESULTS
In the presence of IGF or PDGF or of EGF, fiber differentiation was not induced in rat lens epithelial explants, with epithelial cells remaining as a monolayer and not expressing ␤-crystallin (Figs. 1F-H), similar to cells in control explants ( Fig. 1E) . A low-proliferating dose of FGF (5 ng/mL) was also not sufficient to induce fiber cell differentiation in the lens epithelial explants (Figs. 1I, 1M); however, in combination with IGF (FGF/ IGF), PDGF (FGF/PDGF), or EGF (FGF/EGF), features of a fiber cell differentiation response, such as cell enlargement, multilayering, and the accumulation of ␤-crystallin, were evident (Figs. 1N-P). Compared with FGF/IGF ( Fig. 1N ), explants treated with FGF/EGF presented a relatively weaker fiber differentiation response ( Fig. 1P ), with only a few cells throughout the explant showing multilayering and accumulating ␤-crystallin ( Fig. 1P , arrows). This result was also found when EGF was used at higher concentrations (up to 100 ng/mL, data not shown). To better characterize this phenomenon of FGF potentiation leading to fiber cell differentiation, we used immunolabeling to compare phosphorylated ERK1/2 and Akt in response to these different growth factor conditions.
Stimulation of RTK Signaling Leading to Lens Fiber Cell Differentiation
Fibroblast Growth Factor. As previously reported, in lens epithelial cells treated only with a low dose of FGF, Akt phosphorylation was slightly increased above basal levels, gradually peaking at 2 hours. 36 In contrast, ERK1/2 was phosphorylated within 5 minutes and maintained for 4 hours, demonstrating a shorter profile than that induced by a high fiber-differentiating dose of FGF (data not shown, see Ref. 36 ).
Insulin-like Growth Factor. In IGF-treated explants, Akt phosphorylation was strongly induced within 5 minutes and was maintained for up to 6 hours (Figs. 2iA, top; 2iB). ERK1/2 phosphorylation was also stimulated and peaked within 5 minutes, persisting for up to1 hour, after which it dropped to basal levels (Figs. 2iA, middle; 2iC).
Fibroblast Growth Factor/Insulin-like Growth Factor. Similar to IGF treatment alone, FGF/IGF treatment activated Akt phosphorylation within 5 minutes and maintained it for up to 6 hours, followed by a return to basal levels (Figs. 2iiA, top; 2iiB). In contrast to IGF treatment alone, ERK1/2 phosphorylation was potentiated with FGF/IGF, being stimulated within 5 minutes and maintained for up to 12 hours (Figs. 2iiA, middle; 2iiC). We also found that by combining IGF with a higher differentiating dose of FGF (100 ng/mL), ERK1/2 phosphorylation (but not Akt phosphorylation) was further potentiated and was sustained for approximately 18 hours (Figs. 2iiiA, 2iiiB).
Plate-Derived Growth Factor. With the addition of only PDGF, Akt phosphorylation in lens epithelial cells was activated within 5 minutes and maintained for up to 1 hour, before dropping to basal levels (Figs. 3iA, top; 3iB). ERK1/2 was phosphorylated within 5 minutes and maintained for up to 20 minutes before returning to basal levels over 1 hour, with another pulse of activation at 2 hours (Figs. 3iA, middle; 3iC).
Fibroblast Growth Factor/Plate-Derived Growth Factor. Western blot analysis showed that Akt was activated within 5 minutes and maintained for up to 1 hour (Figs. 3iiA top; 3iiB). ERK1/2 phosphorylation was activated within 5 minutes and maintained for up to 6 hours, longer than the profile observed for either PDGF or a low dose of FGF alone (Figs. 3iiA, middle; 3iiC).
Epithelial Growth Factor. EGF was shown by Western blot to transiently activate Akt phosphorylation within 5 minutes, followed by a decrease to basal levels by 20 minutes (Figs. 4iA, top; 4iB). EGF-induced ERK1/2 phosphorylation was detected within 5 minutes and was maintained for up to 1 hour before returning to basal levels (Figs. 4iA, middle; 4iC).
Fibroblast Growth Factor/Epithelial Growth Factor. Western blot analysis showed that Akt phosphorylation induced by FGF/EGF was activated within 5 minutes and maintained for up to 20 minutes, followed by a drop to basal levels (Figs. 4iiA, top; 4iiB). ERK1/2 phosphorylation was activated within 5 minutes, peaked at 20 minutes, before dropping to a reduced level that was maintained for up to 6 hours, before returning to basal levels (Figs. 4ii, middle; 4iiC).
Overall, our results showed that IGF, and to a lesser extent PDGF and EGF, can potentiate a low-proliferating dose of FGF to induce some fiber differentiation changes in lens epithelial explants. To better understand the contribution of these growth factors in vitreous, we used selective growth factor receptor inhibitors to block signaling for each respective growth factor.
Inhibition of RTK Signaling
Inhibition of FGFR Signaling (SU5402). To test the selectivity of SU5402 to FGFR, 20 M SU5402 was added 2 hours before the cells were treated with FGF. Western blot analysis showed that FGF-induced ERK1/2 phosphorylation was retained at basal levels after 20 minutes (Figs. 5iA, top; 5iB), indicating that SU5402 can block FGF-induced ERK1/2 phosphorylation. Immunolabeling showed that in the presence of SU5402, cells remained as a monolayer and did not express ␤-crystallin (Figs. 5iiiH, 5iiiK), similar to cells in control explants (Figs. 5iiiA, 5iiiD, 5iiiG, 5iiiJ); indicating that SU5402 can effectively block FGF-induced lens fiber differentiation. Cells in explants treated with FGF in the absence of SU5402, differentiated and accumulated ␤-crystallin (Figs. 5iiiB, 5iiiE).
When we examined vitreous-induced Akt and ERK1/2 phosphorylation profiles in the presence of SU5402, Akt phosphor-ylation was activated within 5 minutes and maintained for up to 12 hours (Figs. 5iiA, top; 5iiB). ERK1/2 phosphorylation was activated within 5 minutes and also maintained for 12 hours. The intensity of ERK1/2 phosphorylation began to drop at 12 hours, reaching basal levels by 24 hours (Figs. 5iiA, middle; 5iiC). This finding shows that in the presence of SU5402, vitreous-induced ERK1/2 activation was decreased, and the duration of the phosphorylation was markedly shortened. Although blocking FGF signaling with SU5402 inhibits but cannot completely block vitreous-induced ERK1/2 phosphorylation, immunofluorescence results showed that SU5402 can effectively block vitreous-induced fiber differentiation. Cells remained as a monolayer and did not express ␤-crystallin (Figs. 5iiiI, 5iiiL), similar to cells in control explants (Figs. 5iiiG, 5iiiJ). Cells in explants treated with vitreous in the absence of SU5402, differentiated, and accumulated ␤-crystallin (Figs. 5iiiC, 5iiiF).
Inhibition of IGFR Signaling (AG1024). In the presence of AG1024, ERK1/2 phosphorylation was reduced in control and IGF-treated explants (Figs. 6iA, top, lanes 2, 4; 6iB), indicating that IGF signaling may contribute to maintenance of basal levels of ERK1/2 phosphorylation in lens epithelial cells. Blocking IGF-induced ERK1/2 phosphorylation; however, had no obvious impact on the lens epithelial cell phenotype (Figs.  6iii, 6iiiB, 6iiiD) .
Although AG1024 was shown to reduce IGF-induced ERK1/2 phosphorylation, it had no effect on FGF-induced ERK1/2 phosphorylation ( Fig. 6iiA, top, lanes 3, 4) ; however, it appeared to reduce the number of differentiating, ␤-crystallin-reactive cells in FGF-treated explants (Fig. 6iiiF ). This finding implies a role for endogenous IGF signaling in FGF-induced lens fiber differentiation.
In explants treated with vitreous in the presence of AG1024, although several cells continued to elongate and accumulate ␤-crystallin (Figs. 6ivF, 6ivH ), the differentiation response was clearly reduced in comparison with explants treated with vitreous alone (Figs. 6ivE, 6ivG ). There also appeared to be some cell loss in these vitreous-treated explants ( Fig. 6ivF, arrows) ; this was more apparent at lower magnification (Figs. 6ivI, 6ivJ, arrows) . In this context it should be noted that AG1024 alone seemed to have no deleterious effects on control explants (Figs. 6ivB, 6ivD ). Vitreous-induced Akt phosphorylation in the presence of AG1024 was activated within 20 minutes and maintained for up to 18 hours (Figs. 6vA, top; 6vB) . In contrast, the duration of ERK1/2 phosphorylation was reduced, being activated within 20 minutes and only maintained for up to 6 hours, before returning to basal levels (Figs. 6vA, middle; 6vC ). 
Inhibition of PDGFR Signaling (AG1296).
We examined the selectivity of AG1296 by using Western blot and immunofluorescent staining. AG1296 (1 M) effectively decreased PDGF-induced ERK1/2 phosphorylation within 20 minutes (Figs. 7iA, top, lanes 2, 3; 7iB ), but not FGF-induced ERK1/2 phosphorylation (Figs. 7iA, top, lanes 4, 5; 7iB ). In the presence of AG1296, FGF-treated cells still elongated and expressed ␤-crystallin (Figs. 7iiF, 7iiH ), similar to explants treated with only a high fiber-differentiating dose of FGF (Figs. 7iiE, 7iiG ). Cells in explants treated without FGF, with or without AG1296, remained as an epithelial monolayer ( Figs. 7iiA-D) . (lanes 1 and 2) or with (10 ng /mL; lanes 3 and 4) IGF in the presence (lanes 2 and 4) or absence (lanes 1 and 3) of 5 M AG1024 added 2 hours before growth factor treatment. AG1024 blocked IGF-induced ERK1/2 phosphorylation. (iB) Quantification of the relative density of phosphorylated ERK1/2 showed the same trend as the Western analysis. (iiA) Representative Western blots of explants cultured without (lanes 1 and 2) or with (lanes 3 and  4) FGF in the presence (lanes 2 and 4) or absence (lanes 1 and 3) of 5 M AG1024 added 2 hours before growth factor treatment. AG1204 did not block FGF-induced ERK1/2 phosphorylation. (iiB) Quantification of the relative density of phosphorylated ERK1/2 that showed the same trend as the Western analysis. To examine the function of PDGF in vitreous-induced lens fiber differentiation, we added AG1296 to the explants before adding vitreous. Unlike cells in explants treated with vitreous alone that differentiated and showed strong expression of ␤-crystallin (Figs. 7iiiE, 7iiiG) , the cells in explants cultured with AG1296 and vitreous did not elongate; however, some did still express ␤-crystallin (Figs. 7iiiF, 7iiiH, arrows) . Cells in explants treated without vitreous, with or without AG1296, remained as an epithelial monolayer (Figs. 7iiiA-D) .
When we used Western blot to examine the phosphorylation of Akt and ERK1/2 in vitreous-treated explants in the presence of AG1296, we found that Akt phosphorylation was activated within 20 minutes and maintained for up to 12 hours (Figs. 7ivA, top; 7ivB ). ERK1/2 phosphorylation was still activated within 20 minutes; however, it was only maintained for up to 6 hours (Figs. 7ivA, middle; 7ivC ), suggesting that PDGF in the vitreous may contribute to lens fiber differentiation by promoting an extended ERK1/2 phosphorylation profile. 
Inhibition of EGFR Signaling (PD153035).
Western blot analysis showed that ERK1/2 phosphorylation in control explants was not influenced by treatment with PD153035 (Figs. 8iA, top, lanes 1, 2; 8iB ). EGF was able to induce ERK1/2 phosphorylation within 20 minutes (Figs. 8iA, top, lane 3; 8iB) and the reaction was readily blocked to basal levels in the presence of PD153035 (Figs. 8iA, top, lane  4; 8iB) . FGF-induced ERK1/2 phosphorylation was not effected in the presence of PD153035 (Figs. 8iA, top , lanes 5, 6; 8iB). Consistent with this, FGF still induced fiber cell differentiation and the accumulation of ␤-crystallin in the presence of PD153035 (Figs. 8iiF, 8iiH) .
In vitreous-treated explants containing PD153035, some cells differentiated and expressed ␤-crystallin (Fig. 8iiiF , arrows), whereas others in the same explants did not, remaining as a monolayer (Fig. 8iiiF ).
Vitreous-induced phosphorylation of Akt in explants treated with PD153035 was stimulated within 20 minutes and main- Overall, the common feature of all inhibitor studies was that they reduced the duration of vitreous-induced ERK1/2 phosphorylation and that reduction blocked or at least diminished the fiber differentiation response.
DISCUSSION
It is well established that vitreous humor or a high dose of FGF can induce lens fiber cell differentiation and that this process has been linked with the ability of both vitreous and FGF to promote a prolonged phosphorylation of ERK1/2. 36 Although the lens epithelial cell response to vitreous or FGF appears to be similar, at both the morphologic and molecular levels, it is clear from the present study that the intracellular signaling pathways induced by the two differ. We have reported that an appropriate high dose of FGF can readily mimic the ERK1/2 phosphorylation profile induced by vitreous in lens cells 36 ; however, unlike a fiber-differentiating dose of FGF, vitreous can also strongly stimulate the PI3-K/Akt signaling pathway, with phosphorylation of Akt persisting for up to 6 hours. This vitreous-induced Akt activation cannot be attributed to the presence of FGF, but may be attributable to IGF, as in the present study, it was the only growth factor able to stimulate a strong and sustained (up to 6 hours) Akt phosphorylation in lens explants, similar to vitreous. Surprisingly, we did not observe any decrease in the duration and level of Akt phosphorylation when we blocked the RTK signaling pathways, but an increase, longer than the Akt phosphorylation profile normally induced by vitreous. As Ras activates Raf and PI3-K/Akt in cells, 38, 39 given that ERK1/2 have been shown to repress SOS (the guanine nucleotide exchange factor for Ras), mediated by RSK2, to downregulate the activation of Ras, 40 any repression of ERK1/2 phosphorylation (by blocking RTK signaling) may lead to the elevation of activated Ras, therefore increasing Akt phosphorylation in the cells. Overall, consistent with earlier studies supporting an essential role for PI3-K/Akt signaling in lens fiber differentiation, 37 we propose that IGF or a combination of yet to be identified factors in the vitreous promote PI3-K signaling and Akt phosphorylation in the lens.
It is clear from this study that besides FGF, other growth factors that are known to be present in the ocular media, including IGF, PDGF, and EGF, may play a role in vitreousinduced lens fiber differentiation. These growth factors have all been reported to induce cell proliferation in lens explants, 41, 42 but cannot independently induce lens fiber differentiation (Fig.  1, Table 1 ). Consistent with earlier studies, 25, 43 our results show that FGF, FGF/IGF, FGF/PDGF, and now for the first time FGF/EGF, all have the ability to induce features of lens fiber differentiation, with some growth factors, such as IGF, being more potent than others, such as PDGF or EGF, in potentiating FGF-induced lens fiber differentiation. Consistent with this, the combination of any one of the growth factors examined, with Summary of the duration of ERK1/2 phosphorylation over a 24-hour period, in cultured explants of lens epithelial cells exposed to different treatments. Each treatment is scored for its ability to induce lens fiber differentiation in vitro. Ϫ, no response; ϩ, weak response, with some multilayering and ␤-crystallin accumulation; ϩϩϩ, strong response, with extensive multilayering, cell elongation, and ␤-crystallin accumulation. #Iyengar et al. 36 (Table 1) . Overall, results from this study clearly show that a prolonged phosphorylation of ERK1/2 is associated with fiber cell differentiation, with the factors inducing the longest duration of ERK1/2 phosphorylation providing the more potent fiber differentiation response in lens epithelial explants (Table  1) . This is the first study to report that specific growth factors can potentiate the effects of FGF by extending its ability to induce the phosphorylation of ERK1/2 in lens cells. Other studies in different tissues have identified a similar synergistic effect of several growth factors in the activation of different signaling pathways, including CNTF and FGF in neural cells, 44 TGF␤ and FGF in bone organ culture, 45 and FGF and IGF in neuroblastoma cells. 46 To better understand the role of specific vitreous-derived growth factors during the process of lens fiber differentiation, we used a range of RTK inhibitors to selectively block their effects. Consistent with many earlier studies, FGF signaling was essential for the induction of lens fiber differentiation as the FGFR inhibitor, SU5402, completely blocked vitreous-induced lens fiber differentiation. PDGF or EGF receptor inhibitors partially blocked vitreous-induced fiber differentiation, with many cells still expressing ␤-crystallin and differentiating, indicating that these growth factors are not essential for lens fiber differentiation. When we blocked IGFR-induced signaling, vitreous could still induce lens epithelial cell differentiation and expression of ␤-crystallin; however, unlike the effects of PDGF and EGF, some cells died during the culture period, suggesting that IGF signaling may be necessary for cell survival. 47 This notion is supported by other studies that compared the longterm differentiating abilities of FGF and vitreous on lens explants; vitreous maintained the fiber differentiation process longer than FGF in vitro. 48 In contrast to vitreous-treated explants, some fiber cells in explants induced by FGF degenerated over time, 48 indicating a role for other vitreous-derived factors, like IGF, for maintenance of intact lens fiber cell viability.
We extended our blocking studies to examine the duration of vitreous-induced ERK1/2-phosphorylation in lens cells, in the presence of the different RTK inhibitors. Blocking any of the RTK signaling pathways using the different selective inhibitors for FGFR, PDGFR, IGFR, or EGFR significantly reduced the levels of vitreous-induced ERK1/2 phosphorylation ( Table 1 ), suggesting that each growth factor may be important in sustaining (and/or possibly potentiating) the duration of ERK1/2 phosphorylation, leading to fiber differentiation. Of interest, although blocking FGFR signaling reduced the level of vitreousinduced ERK1/2 phosphorylation to levels that would normally be sufficient to promote fiber differentiation, the loss of this FGFR activity resulted in no fiber differentiation. Together with findings in previous studies, 36 the results of this study suggest that prolonged phosphorylation of ERK1/2 is necessary but not sufficient for fiber differentiation to proceed. In relation to this finding, it should be noted that FGF receptors have been shown to be localized to fiber cell nuclei. 49 Taken together with the fact that FGF signaling can also be mediated by translocation of its receptor to the cell nucleus, 50 in the presence of SU5402, this process may be compromised and the fiber differentiation process may be prevented from proceeding, irrespective of the FGFR-mediated signaling (and sustained ERK1/2 phosphorylation) initiated at the cell surface.
Considering that all the vitreous-derived growth factors examined in this study are potentially involved in promoting the distinct ERK1/2 phosphorylation profile leading to fiber differentiation in situ, it is reasonable to suggest that they may each contribute, to some extent, to the activation of the ERK1/2 pathway for vitreous-induced differentiation. How-ever, in light of the large volume of evidence from previous studies, it is clear that FGF is a necessary component of this vitreous effect, as only FGF alone or combinations of factors that include FGF, can induce fiber differentiation. Results from the FGFR inhibition (using SU5402) experiments in the present study are also consistent with this. Given the observation that, compared with the other factors, IGF showed a greater ability to potentiate FGF's phosphorylation of ERK, as well as better mimic the effect of vitreous on Akt phosphorylation, IGF may also play a prominent role in contributing to the initiation, promotion, and maintenance of lens fiber differentiation in situ.
In conclusion, although FGF is essential for the induction of lens fiber cell differentiation, the results of this study emphasize the significance of other ocular growth factors that act in concert with FGF and are necessary for the distinct vitreousinduced signaling leading to lens fiber differentiation.
